Abstract
Introduction
The aim of the kinematic calibration is to calculate accurately the values of the kinematic parameters of the robot in order to improve its accuracy.
The classical methods for parallel robot calibration need external sensors to measure the position and orientation of the mobile platform [ I ] [ 2 ] [3] [4] [5] . The calibration problem is formulated in terms of minimizing the difference between the measured and computed motorized joint variables, it uses the inverse kinematic model that is easy to calculate for parallel robots. Self calibration methods using extra sensors on the passive joints have been also proposed for parallel robots [6] [7] [8] [9] . These calibration methods are based on the use of redundant sensors on the passive joints adjust the values of the kinematic parameters in order to minimize a residual between the measured and the calculated values of the angles of these joints. As many parallel robots don't have redundant sensors on the passive joint, mechanical constraints on the leg can also be used to calibrate the robot [lo] [ l l ] .
It is well known that for some calibration methods, all the geometric parameters cannot be identified: some of them have no effect on the calibration model, and some other are grouped together. In previous work, the identifiable parameters of parallel robots are derived by intuition. In the case of serial robots, the identifiable parameters are computed from a QR decomposition of the analytical observation matrix [12] . We propose to extend this method for parallel robots even in the case where the identification Jacobian matrix cannot be obtained analytically. The parallel robot studied here is composed of a fixed base and a movable platform connected with six legs of motorized variable length (Figure 1) . The base connections are composed of Universal joints (U-joints) and the platform connections are composed of Spherical joints (S-joints). The centers of the U-joints and S-joints are respectively denoted by A, and B, (i = 1 to 6). We suppose that the U-joints are composed of two revolute and intersecting joints, while the S-joints are composed of three intersecting revolute joints. The configuration of the parallel robot is given by the (6x1) vector L representing the leg lengths A,B, for i=l, ..., 6: 0-7803-6475-9/01/$10.000 2001 IEEE (1 -a) platform with respect to the base is denoted by:
Description of the robot

S-ioint
Typically each variable is given as:
where q i is the prismatic position is a fixed offset value.
The geometric parameters
(1-b) reading and 4 0~~i This matrix is a function of the 24 parameters and the 6 leg lengths of the robot.
The location of the base frame Fo with respect to the world reference frame F.l of the environment is given by a transformation matrix Z. In addition, the matrix E denotes the location of the end-effector frame FE in frame F, of the platform (cf. Figure 2) . The location of the endeffector frame relative to the world reference frame is:
Thus, the coordinates of point A, relative to frame F.l are given by:
Figure 2: Definition of the frames We define the frame Fo fixed with respect to the base and the frame F, fixed with respect to the movable platform.
They are defined as follow [7]:
The coordinates of point Bi relative to frame FE are:
As the matrices Z and E can be defined arbitrarily by the are necessary to define each of them. We can use for example 3 position parameters and 3 Euler angles. .
-AI is the origin of frame Fo, while the xo axis is points AI, A2 and A6. determined by (A,A,) and plsne is determined by the as a fUnction Of the task, independent parameters -similarly, B, is the origin of frame F,, while BIB2 represents its x, axis and B1B2B6 its x,y, plane.
With this definition of Fo and F, we have:
where 'PPi denotes the coordinates of the point P, with respect to coordinate system Fj a d :
Thus, the robot is described by 24 constant coordinates that may be not equal to zero.
To conclude, we can describe the geometry of the robot using 36 constant parameters: either by -'PA, and EPBl, or by OPAl, mPs, and the matrices E and Z. The total number of parameters is thus equal to 42, after taking into account the 6 joint variables. These parameters permit to calculate the direct and inverse kinematic models.
For the calibration, we propose to use directly the coordinates of points A, and B, in frames F., and FE respectively in order to have homogeneous parameters to identify (only lengths). When the identification is done, it is easy to find the transformations Z and E, and the coordinates of the points of the base and the platform in frames Fo and F,.
Kinematic modeling
The (4x4) transformation matrix between frames Fo and F, giving the location (position and orientation) of the The inverse kinematic model (IKM) which computes the leg lengths vector for a desired -ITE is unique and easy to obtain [13] . While, the direct kinematic model (DKM), which gives the matrix -ITE as a function of a given leg lengths vector, is difficult to obtain analytically and up to 40 solutions may exist [14] . A numerical iterative method based on the inverse Jacobian matrix is used to find a local solution for the DKM. Such procedure converges quickly.
General calibration models
The aim of the kinematic calibration is to estimate accurately the geometric parameters. All the calibration methods are based on calculating a function, for sufficient number of configurations, in terms of the robot parameters and some external variables. The model parameters are estimated by minimizing this function by solving a nonlinear system of equations.
The general form of the calibration equation is: Supposing that U-joints and S-joints are perfect, we have to identify the error A-'PA,, AEPB,, Aqo8, (with i = 1,. ..,6).
The nominal parameters of the robot are denoted by the vector q while A q is the error vector (thus we have q,. = q + Aq). In the general case there are 42 parameters to identify, but they are not all identifiable with every calibration method. Before solving the calibration equation, it is important to define the identifiable parameters, because only these parameters can be identified without ambiguity. We propose to determine these parameters using QR decomposition of the observation matrix of the linearized model of randomly e configurations satisfying the constraints of the calibration procedure. The number of the identifiable parameters denoted by b is fixed as a function of the calibration method, but the set of the identifiable parameters is not unique. The QR decomposition will provide as a set of identifiable parameters those corresponding to the first b independent columns of W. We assign a priority number to each parameter, the parameters with higher priority will be placed at first in q.
We place at first the offsets qofi, (priority 3), and we place at the end the 12 coordinates of the points defining frames Fo and F , (-IPxAI, -I P y A I , -'PyA2, -I P z A~, -' P z A~, -' P z A~, E~~B I , E~y e l , EpvB2, E~Z B l , E~~B 2 , E~Z B 6 ) (priority 11, the other parameters will get priority 2 and will be placed after the offset parameters in the following order: -I P X A~, . . . , E E -' P X A~, -' P y~3 , . . . , -'Py.,y, -IpZ.43,. . . , -' P Z A~, then EPXBZ,..., p x B 6 , pyB3,..., E p y S 6 , pzB3,..., EpzEi6.
Application to calibration methods
We compute the identifiable parameters for several calibration methods for the parallel robot whose'nominal parameters are given in Table 1 where AQ = Qr-Q is the difference between the measured prismatic joint values Q' and those computed by the IKM
Q.
In this case, the observation matrix W is defined analytically. If we write the system of equations (9) for e random configurations, with e > : > 7 such that the number ofrows of W is greater than the number ofthe parameters. The rank of the matrix W is 42. Thus, all the geometric parameters can be identified.
The condition number of W can be used as a measure of the excitation of the parameters by the calibration method. Using e configurations such that the number of equations is 4 times the number of pararneters we find that The condition number of W is about 350.
We note that we can also use the direct kinematic model as a calibration model, in this case the error function will be equal to the difference between the measured and calculated position and orientation of the end-effector. In this case the matrix W is calculated numerically, the number of identifiable parameters is also equal to 42 and the condition number of W is about 800. Thus, the solution with the IKM is more observable.
Calibration with measurement of the position of the platform
Measuring only the position of the platform, we cannot use the IKM of the robot since we have only 3 equations to solve a system of 6 unknowns (the 6 leg lengths of the robot). Nevertheless, using the direct kinematic model (DKM), if we consider a configuration q of the robot and PE the measured position of the effector in frame F.l, we can write the nonlinear model of calibration as:
The linear differential model which take into account the errors on the geometric parameters is:
The Jacobian matrix Y is obtained numerically by supposing small variation on each parameter and calculating the corresponding variation on ApE (cf section 3).
Measuring the position of the end-effector for a sufficient number e of random configurations (minimum 14 configurations), we have:
The rank of the matrix W is obtained as 39. The identifiable parameters of the system are obtained by the QR decomposition of this matrix. Applying the rules of priority described in section 3, the errors AEPyB2, AEPzB2 and AEPzB6 are not identifiable and their effect are grouped on the other parameters which defines the positions of the S-joints on the mobile platform. We propose to fixe these parameters such that:
This convention makes that the orientation of frame E, which cannot be determined, is such that the x axis is along the measured point and the point B2 while the xy plane is along the measured point and the points BZ and B6. The condition number of the linear observation matrix W for this calibration method using a number of equations which is equal to 4 times the number of parameters is about 2000.
Calibration using two inclinometers
This calibration method is similar to the previous one: a partial measurement is done on the orientation coordinates of the platform. The rotation angles of the platform of the robot about x,, and ym axis are measured by two inclinometers fixed on the platform [5] .
For a given configuration q, the theoretical values al and a 2 of the inclinometers can be computed using the DKM. These values are function of some elements of orientation matrix -'AE and a supplementary angle parameter y which defines the orientation between the two inclinometers axes. The angle yis not always well known and must be added to the parameters to identify.
The following linear differential model can be written:
where A@ is the difference vector between the inclinometers measured values Dr and those computed by the model di, and Y is the numerical Jacobian matrix (cf. section 3).
With a sufficient number e of configurations: they give. Consequently we can consider that the origin OE, which cannot be determined by this method, is aligned with the origin of frame F,. Then we have by convention:
Similarly, the position of the base of the robot with respect to F., has no influence on the inclinometers measurement, as well as its orientation around the vertical axis. We can define arbitrarily the origin of frame F.l as AI and the axis x .~ and z .~ such that A2 is in the plane ( A , X~~Z~~) .
Then we have by definition:
The condition number of the linear observation matrix W for this calibration method using a number of equations which is equal to 4 times the number of parameters is about 2000.
Calibration with mechanical constraints on the orientation of the legs
This calibration method uses only the variables of the motorized prismatic joints corresponding to configurations where either one U-joint or one S-joint is fixed by mechanical lock, thus the corresponding leg direction is constant with respect to the fixed base or with the movable platform [ 111.
Each U-joint i is described by 2 angles el,, and e,,,, while each S-joint i is defined using three angles e,,,, 84,, and 85,,.
For a given configuration q, these angles can be computed for every legs by a generalized direct kinematic model
The rank of W is 36 and the 7 non identifiable parameters are given by the QR decomposition of the observation matrix. There are 4 non identifiable parameters on the position of the U-joints (A-IPxAI, A -I P J )~~, A-'PzAl and A-'PyA2) and 3 on the position of the S-joints (AEPxBI, AEPyBl and AEPzBI). The effect of these parameters are respectively grouped on the other parameters of the base (U-joints) and the platform (S-joints).
These results are confirmed by the study of the geometry of the system. The position coordinates of the inclinometers on the platform have no effect on the values The condition number of the linear observation matrix W for this calibration method using a number of equations which is equal to 4 times the number of parameters is about 2500.
Fixing the S-joint of a leg
Supposing a set of configurations Q = { ql, ...,qp 1 for which the th S-joint has been locked, we can write a differential calibration system of (3x(e-l)) linear equations by the use of relation (l?): where W is computed numerically
The rank of W is 29, this gives 6 non identifiable parameters for the base and 7 non identifiable parameters for the platform.
The condition number of the linear observation matrix W for this calibration method using a number of equations which is equal to 4 times the number of parameters is about 7500.
Mixing the data of locking different joints
If two or more sets of configurations are used, where in each set either an U-joint or a S-joint has been fixed, the rank of the numerical Observation matrix W of the calibration system is 30. The QJ! decomposition of this matrix shows that 6 parametels of the base and 6 parameters of the platform are not identifiable. With the priority rules, defined in section 3, these parameters correspond to those which define the base and the endeffector transformation matrices Z and E. In practice we put them equal to zero:
This gives: frame F., = Fo and F, = FE.
The condition number of the linear observation matrix W for this calibration method using a number of equations which is equal to 4 times the number of parameters is about (with one U-joint and one S-joint locked) using four time the number of equations that are necessary is about 700.
Comments
This calibration method is an autonomous one and it is easy to see that Z and E transformations matrices have no effect on the computation of the angles of each leg with respect to the base or the platform. Then, with the parameterization we have chosen, the maximum number of identifiable parameters by an autonomous calibration method is 30.
When only one set of configurations is used with one Ujoint (respectively one S-joint) locked, a 7'h geometric parameter of the base (respectively of the platform) cannot be identified. If we analyze the numerical relations between this non identifiable parameter and the identifiable ones, we observe a dependence between the offset q,ff,i of the locked leg and the position of the center of the U-joint (respectively the S-joint) of this leg along the axis of its prismatic motorized joint. Thus, placing the center of the locked joint along its leg direction will satisfy the locking constraint (cf. figure 3) . That is why we have a non identifiable parameter more. This situation has not been discovered in reference [ 111, but it has been shown that two different joints must be locked to get good results.
Calibration with extra sensors on some passive Universal joints
Zhuang [9] has presented autonomous methods based on the use of extra sensors on some passive U-joints. Results are given in [9] with 6 extra sensors on 3 passive U-joint. The condition number of the linear observation matrix W for this calibration method (with 6 extra sensors) using a number of equations which is equal to 4 times the number of parameters is about 350.
The QR decomposition of W shows that using only one sensor reading is sufficient to identify 30 parameters which is the maximum for a self calibration method. In this case, the condition number of W is about 1500. This means that the increase of the number of measured angles increases the observability of the system.
Conclusion
This paper presents a generalized method which gives the identifiable and non identifiable geometric parameters for the calibration methods of parallel robots. This method is based on the QR decomposition of a numerical observation matrix of the calibration system which is obtained numerically by supposing small variations on each geometric parameter of the model. Results are given for several methods, the physical interpretation of the non identifiable parameters has been given. The observability measure of each method is given by the condition number of the observation matrix of the linearized model.
